Abstract: N-Heterocyclic germylenes are known to exist in two structurally different forms, the planar Meller germylenes and the monoimino germylenes that feature an envelope structure. This essay reviews recent reports dealing with radical and cationic Meller type germylenes § featuring the monoimino germylene structure, discusses their transformations and relationships, and asks the question whether indeed N-heterocyclic germylenes can be turned into Lewis acids.
Introduction
N-Heterocyclic germylenes NHGe, first synthesised by Meller in the 1980s [1, 2] , are the heavier homologues of Wanzlick carbenes, which were first isolated by Arduengo et al. in 1991 [3] . Like the carbenes, NHGe are usually thought of as nucleophiles or s-donor molecules. These N-heterocyclic carbenes NHC derive their remarkable stability from the strong N→C carbene p-donation which leads to a largely filled p(p) orbital at the carbene carbon atom [4] . In the germylenes this interaction should be considerably weaker due to the apparent mismatch of a second row element (N) with a fourth row one (Ge). In the absence of this N→C carbene p-donation the germylene behaves as a Lewis acid [5] . As a consequence, NHGe show considerable p-acceptor strength when used as ligands for transition metals [6] [7] [8] . Recently, Gehrhus et al. investigated their Lewis acidity by reacting a benzo annelated Meller germylene with its carbene analogue [9] and found that the carbene indeed forms a C-Ge donor bond donating into the "empty" p-orbital of the germanium atom (see Scheme 1) . This observation is not very surprising considering that the homologous stannylenes are well known to act as Lewis acids towards amines and aromatic ring systems [10, 11] . The strength of the N-Ge bond in NHGe and ways to influence it have long been studied [12] [13] [14] [15] . An excellent approach comes from Heinicke et al. who studied the influence of annelated aromatic rings on the N-Ge bond, finding that they weaken this bond as can be seen from crystallographic data. This annelation effect was further investigated and proven by a recent theoretical study [16] . It is easy to imagine that annelation with a suitable electron withdrawing ring system would drain the p-orbital on the germanium atom of electron density and expose it to nucleophilic attack. The germylene would have turned into a Lewis acid. Whereas Meller germylenes are divalent and dicoordinate heterocycles with two normal covalently bonded nitrogen atoms, there are NHGe that are tricoordinate and derived from the closely related monoimino germylene system. Examples of this include amidinates [17] , aminotroponiminates [18] and ß-diketiminates [19, 20] (see Scheme 2). They form ring systems with an even number of ring members (amidinates 4; ß-diketiminates 6; aminotroponiminates 10) and thus have to form a N-Ge normal covalent and a N-Ge coordinative bond in order to maintain a fully conjugated double bond system in the ring. In contrast to the Meller germylenes where the germanium atom is planar, the germanium centre in the monoimino germylenes is pyramidal and the molecule has an envelope conformation. The chlorine atom is usually loosely bonded and can be abstracted by reaction with a chloride scavenger like a silver salt yielding a cationic species [6] . This cationic germylene is considerably planarised, but usually coordinates to the "noncoordinating" anion [20] .
Meller to Monoimino Germylene Transformations
The Lewis acidic behaviour of these cationic germylenes, which are derived from monoimino germylenes might be expected, but recently we reported a cyclic germylene 1 that is annelated with electron withdrawing quinoxaline ring systems and coordinated to a chloride anion (see Scheme 3) [21] . In between these two obvious examples for Lewis acidity in NHGe there have now emerged a number of compounds that are formally of the Meller type or derived from them, but feature an endocyclic N-Ge donor bond typical for monoimino germylenes. The transformation from the Meller germylene to the monoimino germylene structure is accompanied by significant changes to the electronic structure of the molecule [22] . a redox reaction where Ge(II) is oxidised to Ge(IV) and the carbon backbone of the ligand is reduced. Interestingly, an analogous reaction using 1,2-bis{(2,6-diisopropylphenyl)-imino}acenaphthene 3 as the diimine produces a neutral radical species with a monoimino germylene structure 4 (see Scheme 5) [24, 25] . If one peruses the available experimental data [23] [24] [25] [26] carefully, one forms the opinion that in both cases the initial product might very well be similar and derived from simple addition of the diimine to GeCl 2 thus forming the Ge(IV) dichloride. However, in the case of the acenaphthene a second equivalent of GeCl 2 was used. The second GeCl 2 effectively abstracts a chlorine atom leaving a monoimino germylene radical and generating a GeCl 3 radical. The GeCl 3 moiety probably dimerises to Ge 2 Cl 6 which has been suggested but not proven by the authors [25] . The germanium species is now Ge(III) with the unpaired electron on germanium. However, electron transfer from the ligand renders a Ge(II) species with a monoimino germylene structure with the unpaired electron dislocated over the ligand. Compound 2 is not stable, but in equilibrium with its starting materials [23] . In other words, 2 can react with a small amount of GeCl 2 present at equilibrium. This reaction is somewhat different from the acenaphthene case. Instead of a chlorine atom, GeCl 2 abstracts a chloride anion leaving a cationic species (see scheme 6). This cation could stabilise itself in a similar fashion to the germylenes derived from ß-diketiminates 5 by forming an intramolecular N-Ge p-interaction accompanied by planarisation of the molecule. Since this would leave an exocyclic Ge-Cl bond in the plane instead of a lone pair, the resulting compound would be a 2-germaimidazolium salt and not a cationic Meller germylene. Theoretical calculations predict that 2-germaimidazoles are unstable [22] and the cationic species rearrange to form the monoimino germylene structure 6 instead.
For pyramidalisation to occur at germanium, the germanium atom must acquire a stereoactive electron lone pair. This can be accomplished by an intramolecular electron transfer from the ligand to the germanium. The ligand changes from a normal covalently bonded diamide to a coordinatively bonded diimine accompanied by charge reversal between nitrogen and germanium (see Scheme 6) . The crystal structure determination of compound 6 performed by West et al. [23] confirms the prediction by Heinemann et al. [22] regarding the relative stability of 2-germaimidazoles.
To infer that the neutral radical equivalent of 6 is unstable and cannot be synthesised would be incorrect. However, GeCl 2 is probably not the best reagent to generate it. Instead, Abakumov et al. reacted the Meller germylene 7 with HgX 2 (X = Cl, Br) (see Scheme 7) [27, 28] . Halogen transfer from mercury to germanium should result in a Ge(III) species with the unpaired electron on germanium. However, intramolecular electron transfer from the ligand to germanium occurs yielding a monoimino germylene 8 similar to the acenaphthene derivative 4.
In the ESR spectra of these radical germylenes a hyperfine structure is observed, which is due to the hyperfine coupling of the unpaired electron with hydrogen and nitrogen atoms of the ligand as well as germanium and halogen [24] [25] [26] [27] [28] . The original authors assigned the structure given in Scheme 7, but a canonical form with the unpaired electron on the halogen must exist. Compound 8 is unstable in solution and decomposes within hours to a colourless species not identified by the authors. However, it can be expected that a radical recombination mechanism occurs, possibly involving halogen transfer in a disproportionation reaction yielding the Meller germylene 7 and the Ge(IV) species 2 (see Scheme 8) .
A very interesting decomposition product, other than 6, was reported in the synthesis of 2. This product is very similar to 2, but with an annelated pyrrole ring (see Scheme 6) . No explanation as to the mechanism of its formation was provided by the authors, but a protocol to synthesise it as the intended product in high yield was given. Once we examine this protocol and identify the actual reagents, a possible reaction mechanism eventually becomes obvious. The authors have reacted one equivalent of N,N'-di-tert-butyl-1,2-diiminoethane with two equivalents of lithium and two equivalents of GeCl 4 [23] . Apart from being the wrong stoichiometry (there should be two equivalents of ligand and one equivalent of GeCl 4 ), the reported colour strongly suggests that the actual reagent was the radical monoanion of N,N'-di-tert-butyl-1,2-diiminoethane (which is dark red) rather than the dianion as reported (which is light orange). The radical monoanion could and apparently does react with GeCl 4 under salt metathesis to a diradical species 9 that can undergo intramolecular hydrogen migration to another diradical 10 (see Scheme 9) . Intramolecular radical recombination under C-C bond formation and ring closure generates compound 11. Pyrrole formation then occurs as a standard condensation reaction [29] under ring closure and tert-butylamine elimination to the observed product 12. The reaction of N,N'-di-tert-butyl-1,2-diiminoethane with GeCl 2 very likely produces the same diradical intermediate, but naturally proceeds at a much slower rate. The electronic structures of the compounds are quite fascinating as they are distinguished by degrees of bond orders and can be described in terms of normal covalent and donor bonds if one is forced to label them. However, as the original authors either did not provide a description or else drew inappropriate comparisons, a detailed account might clear some of the confusion caused. Firstly, a N-Ge IV single bond is necessarily shorter than a N-Ge II single bond due to the smaller radius of the cation with the higher charge [30] . Secondly, NHGe stabilise themselves by an intramolecular N-Ge p-interaction whenever possible.
It so happens that the N-Ge IV single bonds as observed in compounds 2 and 12 are of the same length as the intramolecularly p-stabilized N-Ge II bonds observed in the Meller germylene Ge{N(C 5 H 11 ) C 2 H 4 N(C 5 H 11 )} [13] . A comparison of the electronic structures between the six membered NHGe derived from ß-diketiminates and the five membered germylenes has to be done with great care as bond conjugation is obviously significantly different in the two systems.
The electronic structure of germylene 1 is best explained in terms of N-Ge single bonds with bond lengths of approximately 201 pm [21] . The molecule acts as a Lewis acid towards a chloride anion with its germanium centre and as a Lewis base towards the lithium cation with its quinoxaline nitrogen atoms. The result is a zwitterion. The monoimino germylene cations from the ß-diketiminate series are likewise easy to explain. Their "empty" germanium p-orbitals can no longer be filled sufficiently by p-interaction with the adjacent nitrogen atoms (they have already partial donor bond character in the neutral molecules). The result is a pyramidal germanium centre exhibiting a weak coordination to the otherwise uncoordinating anion [19, 20] . They act as Lewis acids. So much so that in their transition metal complexes they prefer coordination to the solvent over a p-acceptor interaction with the metal (see Scheme 10) . Weakly coordinating solvents like CHCl 3 coordinate in solution (judging from their IR spectrum), but are not present in the crystal structure [13] . The aminotroponiminate series behaves differently. Here, the cations are planar and usually do not coordinate to the anion [18] .
The neutral germylenes of the ß-diketiminate, amidinate and aminotroponiminate series feature the monoimino germylene structure. As such, they have a stereoactive electron lone pair on germanium and their empty p-orbital is filled by a coordinative bond from the imino nitrogen atom of the ligand, but both bonds have the same bond length. The germanium atom is electronically and coordinatively saturated and thus prevented from acting as a Lewis acid.
As we have already seen, compound 6 prefers the monoimino germylene structure. Compound 8 which as a neutral radical has one electron more than 6, but is otherwise identical, should be isoster. No crystal structure is reported, but since the unpaired electron is mostly located on the ligand, it can safely be assumed that the molecule adopts a monoimino germylene structure with one of the N-Ge bonds formally covalent and the other formally coordinative. In the structurally determined analogue 4, this can clearly be seen. The N-Ge bonds are identical and indicative of N-Ge single bonds. The electronic structure of these five membered radicals is very similar to the six membered ß-diketiminates, much closer in fact than the equally five membered Meller germylenes or even the cationic species 6. The main difference lies in the extent of the conjugated p-electron system of the ligand backbone. The compounds 8 and 4 exhibit 5 p-electrons each whereas the ß-diketiminates have one electron more. This is probably reflected in the N-Ge bond lengths, the ß-diketiminates have somewhat shorter N-Ge bonds. However, since in all structurally determined molecules of the monoimino germylene type, both N-Ge bond lengths are identical within experimental error [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] , this distinction between coordinative and covalent bonds is unfounded.
An important question remains to be answered. Can Meller germylenes act as Lewis acids? As we have seen, efforts to oxidise the germanium atom of a Meller germylene and thus create an electron deficiency at germanium, which would lead to Lewis acidic behaviour, were unsuccessful. The molecule prefers an intramolecular stabilisation to a monoimino germylene structure that is prevented from acting as a Lewis acid. Indeed, in compound 2 electron abstraction from germanium leads to reduction of the germanium centre by intramolecular electron transfer from the ligand. But, since compounds 4, 6, and 8 are the first five membered NHGe with a monoimino germylene structure, they should in principle be subject to chloride abstraction. The resulting cations would then be Lewis acids like the cationic ß-diketiminates. However, compound 8 is already very unstable and it is hard to imagine that chloride abstraction to a stable radical cation could be possible. A stable dicationic species derived from 6 is equally hard to imagine, but possible if stabilised by an N-heterocyclic carbene [43] . That leaves compound 4 with its extended stabilising p-electron system as the only possible target.
But, as has been shown recently, Meller germylenes can be destabilised by annelation effectively depleting the electron density on germanium sufficiently to turn it into a Lewis acidic centre. The first example for this Umpolung is the closely related NHGe 1, but true Meller germylenes are certainly capable of the same feat if annelated with a similarly electron withdrawing ring system.
Conclusions
There are two routes to deplete the electron density on germanium, oxidation of the germanium atom and annelation of the ring system. Whereas oxidation leads to intramolecular electron transfer from the ligand to germanium accompanied by restoration of divalent germanium and formation of the monoimino germylene structure, annelation withdraws electron density from the germanium p-orbital without increasing the coordination number on germanium. As monoimino germylenes are electronically and coordinatively saturated, they are prevented from acting as Lewis acids. Chloride abstraction, however, yields a cation that behaves as a Lewis acid. Similarly, annelation with strongly electron withdrawing ring systems will generate electrophilic (Lewis acidic) Meller germylenes. structure. The present essay reviews recent reports dealing with radical and cationic Meller type germylenes featuring the monoimino germylene structure, discusses their transformations and relationships and asks the question whether indeed N-heterocyclic germylenes can be turned into Lewis acids.
